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We present a search for a narrow resonance in the inclusive diphoton final sta te  using ~  2.7 fb-1 
of d a ta  collected with the D0 detector at the Fermilab Tevatron pp  Collider. We observe good 
agreement between the d a ta  and the background prediction, and set the first 95% C.L. upper limits 
on the production cross section tim es the branching ratio for decay into a pair of photons for 
resonance masses between 100 and 150 GeV. This search is also interpreted in the context of several 
models of electroweak sym m etry breaking w ith a Higgs boson decaying into two photons.
PACS num bers: 14.80.Bn, 13.85.Rm, 13.85.Qk
A t a h ad ro n  collider, d ip h o to n  (7 7 ) p ro d u c tio n  allows d e ta iled  s tu d ies  o f th e  S ta n d a rd  M odel (SM ) [1], as well
4as searches for new  phenom ena, such as new  heav y  res­
onances [2], e x tra  sp a tia l d im ensions or cascade decays 
o f h eavy  new  p artic le s  [3]. W ith in  th e  SM, con tin u u m  
7 7 + X  p ro d u c tio n  is ch a rac te rized  by  a steep ly-falling  7 7  
m ass (M yy) sp ec tru m , on  to p  of w hich a heav y  resonance 
decaying  in to  7 7  can  p o te n tia lly  be observed. In  p a r tic u ­
lar, th is  is considered  one of th e  m ost p rom ising  d iscovery  
channels for a ligh t SM H iggs boson  a t  th e  LH C [4], de­
sp ite  th e  sm all b ran ch in g  ra tio  o f B ( H  ^  7 7 ) ~  0.2%  for 
110 <  M h  <  140 G eV  [5, 6]. A t th e  T evatron , th e  dom ­
in a n t SM H iggs boson  p ro d u c tio n  m echan ism  is g luon 
fusion (gg ^  H , or G F ), followed by  assoc ia ted  p ro d u c­
tio n  w ith  a W  or Z  boson  (qq' ^  V H , V  =  W, Z ), an d  
vec to r boson  fusion (V V  ^  H , o r V B F ) [7, 8, 9]. W hile 
th e  SM H iggs p ro d u c tio n  r a te  a t  th e  T eva tron  is n o t suf­
ficient to  observe it in  th e  7 7  m ode, th e  H g g  an d  H 7 7  
couplings, being  loop -m ed iated , are p a r tic u la rly  sensitive 
to  new  physics effects. F u rth e rm o re , in  som e m odels b e ­
yond  th e  SM [2], B ( H  ^  7 7 ) can  be enhanced  signifi­
c a n tly  re la tiv e  to  th e  SM p red ic tion .
In  th is  L e tte r, we p resen t a search  for a narro w  reso­
nance  in  th e  sp e c tru m  using  a d a ta  sam ple collected 
by  th e  D0 d e te c to r  [10] a t  th e  F erm ilab  T eva tron  C ol­
lider. T h e  se lection  of an  inclusive 7 7 + X  sam ple an d  th e  
use of th e  sp e c tru m  m ake th e  resu lts  o f th is  search  
quasi-m odel in d ep en d en t. W e use th e  SM H iggs boson  
(H sm ) w ith  H  ^  7 7  as a reference m odel, resu ltin g  in  
th e  first such search  a t  th e  T evatron , an d  a fo re runner 
to  sim ilar p lan n ed  searches a t  th e  LH C . A dditionally , we 
consider o th e r  m odels of electrow eak sy m m etry  b reak ing  
(E W SB ) w ith  en h an ced  B ( H  ^  7 7 ) [2], as a  consequence 
o f supp ressed  H iggs couplings to  e ith e r (i) all ferm ions 
(know n as bosonic or ferm iophobic H iggs boson , H f ); (ii) 
o n ly  dow n-type ferm ions (H u , as i t  gives m ass to  u p -ty p e  
ferm ions); o r (iii) on ly  to p  an d  b o tto m  q u ark s  (know n as 
electrow eak  H iggs boson , H ew). All m odels considered  
have SM -like p ro d u c tio n  cross sections, w ith  th e  excep­
tio n  of th e  H f an d  H ew m odels, w here G F  is ab sen t or 
h as  a neglig ib ly  sm all cross section .
T h e  su b d e tec to rs  m ost re levan t to  th is  ana lysis  are: 
th e  cen tra l trac k in g  system , com posed  of a silicon m i­
c ro s tr ip  trac k er (SM T) an d  a ce n tra l fiber trac k e r  (C F T ) 
em bedded  in  a 2 T  so lenoidal m ag n etic  field, th e  cen­
tr a l  preshow er (C P S ), an d  th e  liqu id -a rgon  an d  u ran iu m  
sam pling  ca lo rim eter. T h e  C P S  is lo ca ted  im m ed ia te ly  
before th e  inner layer o f th e  ca lo rim eter an d  is form ed 
of one ra d ia tio n  le n g th  of ab so rb e r followed by  several 
layers of sc in tilla tin g  s trip s . T h e  ca lo rim e ter consists of 
a cen tra l section  w ith  coverage of |n| <  1.1 [11 ], an d  tw o 
en d  ca lo rim eters  covering u p  to  |n| — 4.2. T h e  e lec tro ­
m ag n etic  (EM ) section  of th e  ca lo rim eter is segm ented  
in to  four lo n g itu d in a l layers (EM*, i =  1 ,4) w ith  tra n s ­
verse seg m en ta tio n  of A n  x A ^  =  0.1 x  0.1 [11 ], except 
in  EM 3, w here it  is 0.05 x 0.05. T h e  ca lo rim eter is well- 
su ited  for a  precise m easu rem en t o f e lec tron  a n d  p h o to n  
energies, p rov id ing  a reso lu tion  of ~  3.6%  a t  energies of
~  50 GeV. T h e  d a ta  used  in  th is  ana lysis  w ere collected  
using  trig g e rs  requ iring  a t  least tw o c lu ste rs  of energy  
in  th e  E M  ca lo rim eter an d  co rresp o n d  to  an  in te g ra te d  
lum in o sity  of 2.7 ±  0.2 fb -1  [12].
E v en ts  a re  se lected  by  req u irin g  a t  least tw o p h o to n  
ca n d id a te s  w ith  tran sv e rse  m o m en tu m  >  25 G eV  
an d  |n| <  1 .1 , for w hich th e  tr ig g e r req u irem en ts  are 
fully  efficient. T h e  p h o to n  is co m p u ted  w ith  re­
spec t to  th e  rec o n stru c te d  event p r im a ry  v ertex  (PV ) 
w ith  th e  h ighest nu m b er of asso c ia ted  tracks, w hich is 
req u ired  to  be w ith in  60 cm  of th e  geom etrical cen ter 
of th e  d e tec to r  along  th e  b eam  axis. T h e  P V  recon­
s tru c tio n  efficiency in  7 7  +  X  events is ~  98%, w ith  
~  95% p ro b ab ility  to  m a tch  th e  tru e  vertex . P h o to n s  
a re  se lected  from  E M  c lu ste rs  rec o n s tru c te d  w ith in  a 
cone w ith  rad iu s  R  =  \J { A r /)2 +  (A (f>)2 =  0.2 by  re­
qu iring : (i) >  97% of th e  c lu ste r energy  is d ep o sited  in 
th e  E M  calo rim eter; (ii) th e  ca lo rim eter iso la tion  vari­
ab le I  =  [Etot(0.4) -  E em (0 .2 )] /E em (0 .2 )  <  0.1, w here 
E to t(R ) (E E m (R )) is th e  to ta l  (EM ) energy  in  a cone of 
rad iu s  R ; (iii) th e  energy-w eighted  show er w id th  in  th e  
r  — (p p lane  in  E M 3 is <  \ / l 4  cm; an d  (iv) th e  sca la r sum  
of th e  of all trac k s  (pTtrk) o rig in a tin g  from  th e  p ri­
m a ry  v ertex  in  an  annu lus of 0.05 <  R  <  0.4 a ro u n d  th e  
c lu ste r is <  2 GeV. To sup p ress  elec trons m isidentified  as 
pho to n s, th e  EM  c lu ste rs  are  req u ired  to  n o t be sp a tia lly  
m a tch ed  to  trac k e r activ ity , e ith e r  a rec o n s tru c te d  track , 
or a  d en sity  of h its  in  th e  SM T an d  C F T  co n sis ten t w ith  
th a t  o f an  e lec tron  [13]. To supp ress je ts  m isiden tified  as 
pho to n s, a n eu ra l netw ork  (NN) is tra in e d  using  a se t of 
variab les sensitive to  differences betw een  p h o to n s  an d  je ts  
in  th e  trac k e r a c tiv ity  an d  in  th e  energy  d ep o sits  in  th e  
ca lo rim eter an d  C PS: pTtrk, th e  nu m b ers  of cells above 
a th re sh o ld  in  EM 1 within. R  <  0.2 an d  0.2 <  R  <  0.4 
of th e  EM  cluster, th e  nu m b er of C P S  c lu ste rs  w ith in  
R  <  0. 1 o f th e  EM  clu ste r, an d  th e  squared-energy- 
w eighted  w id th  of th e  energy  deposit in  th e  C P S . T he 
NN is tra in e d  using  7 7  an d  d ije t M onte C arlo  (M C) sam ­
ples an d  its  perfo rm ance  is verified using  a d a ta  sam ple 
of Z  ^  (I  =  e, ^ )  events. F ig u re  1a com pares th e
NN o u tp u t (O n n ) sp e c tru m  for p h o to n s  an d  je ts . P h o ­
to n  ca n d id a tes  a re  req u ired  to  have >  0.1 , w hich 
is ~  98% efficient for rea l p h o to n s  an d  re jects  ~  50% of 
m isiden tified  je ts . F inally , , co m p u ted  from  th e  tw o 
h ighest pho to n s, is req u ired  to  be >  60 G eV. In  to ta l, 
5608 events a re  se lected  in  d a ta .
All M C sam ples used  in  th is  ana lysis  a re  g en e ra ted  
using  PYTHIA [14] w ith  C T E Q 6L [15] p a r to n  d is tr ib u ­
tio n  functions (P D F s), an d  p rocessed  th ro u g h  a GEANT- 
based  [16] s im u la tio n  of th e  D0 d e tec to r  an d  th e  sam e 
rec o n stru c tio n  softw are as th e  d a ta . S ignal sam ples 
a re  g en e ra te d  se p a ra te ly  for G F , V H  an d  V B F  p ro ­
d u c tio n  an d  no rm alized  using  th e  th e o re tic a l cross sec­
tio n s [7, 8, 9] an d  b ran ch in g  ra tio  p red ic tio n s from  HDE- 
CAY [5].
T h is ana lysis  is affected by  in s tru m e n ta l backg rounds
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FIG. 1: (color online). (a) Normalized On n  spectrum  for photons and jets. (b) spectrum  in d a ta  (points) compared to 
the to ta l background param eterization (solid line), including the DDP contribution derived via a sideband fit, and the to ta l 
background prediction (dashed line) inside the search region for M h  =  130 GeV. The inset figure compares the d a ta  to  the 
to ta l background prediction inside the search region including its one standard  deviation (s.d.) uncertainty band, as well as 
the expected H SM signal scaled by a factor of 50. (c) Observed and expected 95% C.L. upper limits on a  x  B  as a function of 
M h . Also shown are the predictions for a  x  B  in the different EW SB scenarios discussed in the text.
such as Y + jet, d ije t an d  Z / y * ^  e + e -  (ZDY) p ro d u c­
tion , w ith  je ts  o r e lec trons m isiden tified  as pho tons, as 
well as an  irreducib le  back g ro u n d  from  d irec t d ip h o to n  
p ro d u c tio n  (D D P ). All backgrounds, excep t for ZDY, are 
e s tim a ted  d irec tly  from  d a ta .
T h e  ZD Y  back g ro u n d  is e s tim a ted  using  th e  M C sim ­
u la tio n , no rm alized  to  th e  n ex t-to -n ex t-to -lead in g -o rd er 
cross section  [17]. T h e  selection  efficiencies de te rm in ed  
by  th e  M C sim u la tio n  are  co rrec ted  to  th e  co rrespond ing  
values m easu red  in  th e  d a ta . O n average each  e lec tron  
h as  a 2% p ro b ab ility  to  sa tisfy  th e  p h o to n  selection  cri­
te ria , m a in ly  due to  th e  inefficiency of th e  trac k -m a tc h  
veto  requ irem en ts. T h e  to ta l  co n trib u tio n  from  ZD Y  is 
e s tim a ted  to  be 88 ±  10 events.
B ackg rounds due to  Y + je t an d  d ije t events a re  di­
rec tly  e s tim a ted  from  d a ta  by  using  a 4 x 4 m a tr ix  back­
g ro u n d  e s tim a tio n  m e th o d  [18]. A fter final event selec­
tion , a tig h ten e d  req u irem en t (O n n  >  0.75) is 
used  to  classify  th e  events in to  four ca tegories depend ing  
on w h e th e r th e  tw o h ighest-pT pho to n s, on ly  th e  lead­
ing p h o to n , on ly  th e  tra ilin g  p h o to n  or n e ith e r of th e  
tw o pho to n s, sa tisfy  th is  req u irem en t. T h e  co rrespond ­
ing num bers o f events, a fte r su b tra c tio n  of th e  e s tim a ted  
ZD Y  co n trib u tio n s, a re  d en o ted  as an d  
N f f  . T h e  d ifferent re la tiv e  efficiency of th e  >  0.75 
req u irem en t betw een  rea l p h o to n s  an d  je ts  allows th e  
e s tim a tio n  of th e  sam ple com position  by  solving a lin­
ea r sy stem  of equations: (N pp,N pf , N f p , N f f ) T =  E x 
(N yy , , N j7 , N jj )T , w here N 77 ( N j ) is th e  nu m b er of 
YY (d ije t) events an d  N 7j- (N j7 ) is th e  nu m b er of Y + je t 
events w ith  th e  lead ing  (tra iling ) c lu ste r as th e  pho ton . 
T h e  4 x 4 m a tr ix  E co n ta in s  th e  efficiency te rm s (pa­
ram e te rized  as a function  of |n |), e s tim a ted  in  p h o to n  
an d  je t  M C sam ples an d  v a lid a ted  in  d a ta . T h e  es ti­
m a te d  sam ple com position  is N 77 =  3155 ±  125 (s ta t) , 
N 7j+ j7 =  1680 ±  149 (s ta t)  an d  N j  =  685 ±  93 (s ta t) . 
T h e  sh ap e  of th e  M 77 sp e c tru m  for th e  su m  of th e  Y + je t 
an d  d ije t backg rounds is o b ta in ed  from  an  in d ep en d en t
con tro l d a ta  sam ple by  requ iring  <  0.1 for one of
th e  p h o to n  ca n d id a tes , an d  is p a ra m e te rize d  w ith  an  ex­
p o n en tia l function . T h e  resu ltin g  sh ap e  is found  to  be 
in  excellent ag reem en t w ith  th a t  derived  by  d irec tly  ap ­
p ly ing  th e  4 x 4 m a tr ix  m e th o d  b in -by -b in  in  th e  final 
se lected  sam ple , b u t has  sm aller s ta tis t ic a l fluctuations, 
especially  in  th e  h igh  M 77 region.
A fter su b tra c tio n  of th e  ZDY, Y + je t an d  d ije t back­
g ro u n d  co n trib u tio n s, th e  M 77 sp e c tru m  is exam ined  
for th e  presence of a narro w  resonance. F or each  as­
sum ed  M h  value (betw een 100 an d  150 G eV, in  s tep s  of
5 G eV ), th e  search  reg ion  is defined to  be (M h  —15 GeV, 
M h  +  15 G eV ), w here 15 G eV  co rresponds to  a b o u t 
five tim es th e  ex p ected  M 77 reso lu tion . T h e  D D P  back­
g ro u n d  is e s tim a ted  by  perfo rm ing  a s id eb an d  fit to  th e  
M 77 sp e c tru m  in  th e  70 to  200 G eV  ran g e  (th is  ex­
cludes th e  search  region) using  an  ex p o n en tia l function  
(see F ig. 1b). Such a p a ra m e te r iz a tio n  h as been  v a lid a ted  
using  a nex t-to -lead in g -o rd er for th is  process [19].
S y stem atic  u n ce rta in tie s  affecting th e  n o rm aliza tio n  
an d  sh ap e  of th e  M 77 sp e c tru m  are  e s tim a ted  for b o th  
signal an d  backgrounds. U n ce rta in ties  affecting th e  ZDY 
back g ro u n d  n o rm aliza tio n  include: in te g ra te d  lum inosity  
(6.1% ), elec tron  m isiden tifica tion  ra te  (14.3% ) an d  ZDY 
cross section  (3.9% ). Such u n ce rta in tie s  a re  p ro p ag a ted , 
v ia  th e  4 x 4 m a tr ix  m e th o d , to  th e  e s tim a ted  no rm aliza­
tio n  of th e  y  + je t  an d  d ije t back g ro u n d  co n trib u tio n s, af­
fected  in  a d d itio n  by  th e  u n c e r ta in ty  on th e  >  0.75 
selection  efficiency for p h o to n s  (2%) an d  je ts  (10% ). T he 
u n c e r ta in ty  in  th e  sh ap e  of th e  Y + je t an d  d ije t M 77 spec­
tru m  is given by  th e  s ta tis t ic s  o f th e  con tro l d a ta  sam ­
ple used  to  p a ra m ete rize  it. T h e  above u n ce rta in ties , 
as well as th e  s ta tis t ic a l u n ce rta in tie s  of th e  sideband  
fittin g  m e th o d , resu lt in  sy s tem a tic  u n ce rta in tie s  in  th e  
n o rm aliza tio n  an d  sh ap e  of th e  D D P  back g ro u n d  co n tri­
b u tio n . U n ce rta in ties  affecting th e  signal n o rm aliza tio n  
include: in te g ra te d  lum inosity  (6 .1% ), accep tance  due 
to  th e  p h o to n  iden tifica tion  efficiency (6 .8%) an d  P D F s
6M h  (GeV) 100 110 120 130 140 150
Z /  7 * —»■ e+ e~ 55±7 17±3 6±2 5±1 4±1 3±1
77 742±62 481±42 324±34 236±30 161±28 124±22
7  j +  n 540±66 319±39 204±25 133±16 89±11 61±8
to ta l background 1337±29 817±26 534±19 374±12 254±7 188±5
data 1385 827 544 357 270 202
H sm  signal 1.62±0.11 1.61±0.11 1.51±0.10 1.26±0.08 0.90±0.06 0.54±0.04
acceptance (%) 19.9,18.8,20.3 20.4,19.9,21.6 21.0,20.6,22.3 21.5,21.2,22.9 21.8,22.0,23.5 22.1,22.2,24.1
TABLE I: Numbers of selected events in data, expected backgrounds, expected H sm  signal and signal acceptance (for each 
production mechanism: GF, VH, VBF), in the search region for different M h  values. The expected signal includes contributions 
from GF, VH and VBF processes, the la tte r two representing ~  21 — 24% of the to ta l signal.
M h (GeV) 100 105 110 115 120 125 130 135 140 145 150
exp. a  x B 88 78 71 63 58 53 49 45 41 39 36
obs. a  x B 78 110 112 76 50 46 42 53 56 66 52
TABLE II: Observed and expected 95% C.L. upper limits 
on a  x  B  (in fb) for different M h  values. The expected 
limit is defined as the median of the d istribution of limits 
in background-only pseudo-experiments.
(1.7-2.2% ) [15]. F inally , th e  lo ca tio n  of th e  p ea k  in  th e  
sp e c tru m  for signal is affected by  th e  u n c e r ta in ty  in 
th e  re la tiv e  d a ta  to  M C p h o to n  energy  scale (0.6% ).
T able I shows th e  nu m b er of events in  d a ta , expected  
b ack g ro u n d  an d  ex p ected  H SM signal in  six different 
search  regions. T h e  in se t in  F ig . 1b illu s tra te s  th e  M 77 
sp e c tru m  in  th e  search  reg ion  for M H =  130 G eV, found 
to  be in  good  ag reem en t w ith  th e  back g ro u n d  p red ic­
tion . T h e  M YY sp e c tru m  in th e  search  reg ion  is used to  
derive u p p e r lim its  on  th e  p ro d u c tio n  cross section  tim es 
b ran ch in g  ra tio  for H  ^  7 7  (a  x  B ) as a  function  of M H . 
T h e  SM  p red ic tio n  for th e  ra tio  o f th e  p ro d u c tio n  cross 
sections for th e  th re e  signal p ro d u c tio n  m echanism s is 
assum ed. L im its  are ca lcu la ted  a t  th e  95% C.L. using  
th e  m odified freq u en tis t ap p ro ach  w ith  a  P oisson  log- 
likelihood  ra tio  te s t  s ta tis t ic  [20, 21]. T h e  im p ac t of sys­
te m a tic  u n ce rta in tie s  is in c o rp o ra ted  v ia  convo lu tion  of 
th e  P oisson p ro b ab ility  d is tr ib u tio n s  for signal an d  back­
g ro u n d  w ith  G au ss ian  d is trib u tio n s  co rrespond ing  to  th e  
d ifferent sources of sy s tem a tic  un certa in ty . T h e  co rre la­
tio n s in  sy s tem a tic  u n ce rta in tie s  are m a in ta in ed  betw een  
signal an d  backgrounds.
T h e  resu ltin g  lim its  on  a  x B  are given in  T able II, an d  
d isp layed  in  F ig . 1c. A lth o u g h  th e  SM  H iggs boson  is 
used  as a reference m odel, th e  fact th a t  th e  signal accep­
ta n c e  is found  to  be a lm ost in d ep en d en t o f th e  p ro d u c­
tio n  m echan ism  (see T able I ) , m akes th e  e s tim a te d  lim its 
app licab le  to  o th e r  m odels o f new  physics w ith  a  narrow  
resonance decaying  in to  7 7 . In  th e  co n tex t o f m odels of 
E W S B  w ith  enhanced  B ( H  ^  7 7 ), th e  c u rre n t search  
excludes a  H f boson  w ith  M H <  101 G eV  a t  95% C.L., 
im prov ing  (slightly) u p o n  p rev ious resu lts  a t  th e  Teva- 
t ro n  [22]. W hile none of th e  o th e r  E W S B  scenarios ex­
p lo red  can  cu rre n tly  be excluded, th e  ex p ected  sen sitiv ity  
is w ith in  less th a n  a fac to r o f four of th e  p red ic tio n  for 
th e  H u m odel for M H <  110 GeV, an d  on ly  a fac to r ~  20 
above th e  SM p red ic tio n  for 115 <  M H <  130 GeV. As 
a resu lt, th is  search  co n trib u te s  to  th e  overall sensitiv ­
ity  of th e  SM H iggs boson  search  a t  th e  T ev a tro n  from  
th e  com b in atio n  of m ultip le  channels [23]. A ssum ing  th e  
sam e in te g ra te d  lum in o sity  in  all channels an d  a single 
T ev a tro n  experim en t, th is  ana lysis  is ex p ected  to  im prove 
th e  com bined  u p p e r lim it on  th e  SM H iggs p ro d u c tio n  
cross section  by  ~  5% for 115 <  M H  <  130 G eV. F i­
nally, th is  search  is used  to  derive 95% C.L. u p p e r lim its 
on  B ( H  ^  7 7 ) betw een  14.1% a n d  33.9%  for M H  in  th e  
ran g e  100-150 GeV, in  th e  case of m odels w here th e  H iggs 
boson  does n o t couple to  th e  to p  q u ark . Conversely, for 
m odels w here th e  G F  p ro d u c tio n  m ode is available, th is  
inclusive search  allows im provem ent o f th e  u p p e r lim its 
on  B ( H  ^  7 7 ) to  3.4% -7.2%  in  th e  sam e m ass range. 
T hese  rep resen t th e  m ost s tr in g e n t lim its  on  B ( H  ^  7 7 ) 
for M h  in  th e  range  100-150 G eV  to  d a te , sign ifican tly  
im prov ing  u p o n  p rev ious resu lts  from  L E P  an d  th e  Teva- 
tro n  [22].
In  sum m ary , we have perfo rm ed  an  inclusive search  for 
a  narro w  resonance w ith  m ass betw een  100 an d  150 G eV  
decaying  in to  7 7  a t  th e  T evatron . T h is channel is used 
to  increase th e  overall se n s itiv ity  o f th e  SM H iggs boson  
search  p ro g ra m  a t  th e  T eva tron  [23] an d  allows th e  p robe 
of new  physics m odels p red ic tin g  an  en h an ced  ra te  for 
H  ^  7 7 .
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